Cross-correlation frequency-resolved optical gating (XFROG) based on four-wave mixing (FWM) in a gas medium is shown to enable dispersion-free characterization of few-cycle mid-infrared (mid-IR) pulses tunable within a spectral range of more than two octaves. The FWM XFROG technique is used to measure spectra and pulse shapes, as well as to retrieve the phase of a few-cycle output of difference-frequency generation (DFG) tunable from 3 to 11 μm. With Ti:sapphire laser pulses used as a reference, this FWM process maps the entire tunability range of the DFG source, spanning over more than two octaves, onto a wavelength region of only 50 nm in the visible, allowing convenient XFROG measurements and revealing the reshaping of few-cycle mid-IR field waveforms by molecular rovibrational modes. . Several promising techniques have been proposed to confront the challenge of efficient short-pulse generation in the mid-IR. Those include seeded optical parametric amplification with a high-power femtosecond laser pump [6, 7] , optical parametric processes cascaded with difference-frequency generation (DFG) [8] [9] [10] , and four-wave mixing (FWM) in a two-color filament [11] . Optical parametric chirped-pulse amplification technology enables the generation of sub-100-fs pulses centered at around 4 μm with energy as high as a few millijoules [12] . Nonlinear optical transformation of these pulses in the filamentation regime helps shift these pulses further in the mid-IR [13] . With available technologies of short-pulse generation now covering the entire mid-IR range and with pulse widths as short as a few field cycles achieved [9, 14] , focus is now on accurate characterization of ultrashort mid-IR field waveforms in this remarkably broad spectral region, aiming not only at measuring pulse shapes and spectra, but also at reliably retrieving their spectral and temporal phase profiles. Although cross-correlation frequency-resolved optical gating (XFROG) based on second-harmonic generation (SHG) has been extended successfully to the mid-IR range [14] [15] [16] , this technique requires crystals that possess high second-order nonlinearity, low loss, and broadband SHG phase-matching ability in the mid-IR (in the range of wavelengths from 3 to 11 μm for the source of mid-IR pulses used in this work)-requirements that are hard, if possible at all, to fulfill with a single material and that are usually dealt with by employing several materials providing the desired performance in complementary spectral regions. Furthermore, when applied to characterize pulses in the longer-wavelength part of the mid-IR range, e.g., for wavelengths from 7 to 15 μm, both SHG and sum-or difference-frequency generation processes yield signals that are still in the mid-IR, making detection difficult and inefficient. The self-referenced spectral interferometry technique [17] , which has been demonstrated recently for pulse characterization in the short-wavelength IR range, still needs to be extended to the mid-IR, where signal detection efficiency is typically low.
Ultrashort pulses of electromagnetic field in the mid-infrared (mid-IR) region are in great demand for nonlinear vibrational spectroscopy [1, 2] , standoff detection [3] , studies of new regimes of high-intensity laser interactions with matter [4] , as well as enhanced high-harmonic generation, opening ways toward unprecedentedly short, atto-and zeptosecond field waveforms [5] . Several promising techniques have been proposed to confront the challenge of efficient short-pulse generation in the mid-IR. Those include seeded optical parametric amplification with a high-power femtosecond laser pump [6, 7] , optical parametric processes cascaded with difference-frequency generation (DFG) [8] [9] [10] , and four-wave mixing (FWM) in a two-color filament [11] . Optical parametric chirped-pulse amplification technology enables the generation of sub-100-fs pulses centered at around 4 μm with energy as high as a few millijoules [12] . Nonlinear optical transformation of these pulses in the filamentation regime helps shift these pulses further in the mid-IR [13] .
With available technologies of short-pulse generation now covering the entire mid-IR range and with pulse widths as short as a few field cycles achieved [9, 14] , focus is now on accurate characterization of ultrashort mid-IR field waveforms in this remarkably broad spectral region, aiming not only at measuring pulse shapes and spectra, but also at reliably retrieving their spectral and temporal phase profiles. Although cross-correlation frequency-resolved optical gating (XFROG) based on second-harmonic generation (SHG) has been extended successfully to the mid-IR range [14] [15] [16] , this technique requires crystals that possess high second-order nonlinearity, low loss, and broadband SHG phase-matching ability in the mid-IR (in the range of wavelengths from 3 to 11 μm for the source of mid-IR pulses used in this work)-requirements that are hard, if possible at all, to fulfill with a single material and that are usually dealt with by employing several materials providing the desired performance in complementary spectral regions. Furthermore, when applied to characterize pulses in the longer-wavelength part of the mid-IR range, e.g., for wavelengths from 7 to 15 μm, both SHG and sum-or difference-frequency generation processes yield signals that are still in the mid-IR, making detection difficult and inefficient. The self-referenced spectral interferometry technique [17] , which has been demonstrated recently for pulse characterization in the short-wavelength IR range, still needs to be extended to the mid-IR, where signal detection efficiency is typically low.
Here, we show that FWM in a gas medium can be employed as a process that enables remarkably broadband, dispersionfree characterization of few-cycle pulses in the mid-IR. The FWM XFROG technique has been shown recently to allow the characterization of subcycle mid-IR light waves with central wavelengths at 3.3-3.9 μm produced in two-color laser-induced filaments [11, 18] , as well as the mid-IR supercontinuum output of such filaments [19] . Further pertinent work includes ultrashort-pulse characterization using an ionized gas [20] . Here, we extend this technique to the characterization of few-cycle pulses that are tunable over the entire mid-IR range. The experiments presented below demonstrate dispersion-free characterization of few-cycle pulses in the 3-11-μm wavelength range produced through difference-frequency mixing of the signal and idler fields delivered by Ti:sapphire-laser-pumped optical parametric amplification of a broadband seed.
Our method of ultrashort-pulse generation in the mid-IR involves two sequential stages of nonlinear optical downconversion (Fig. 1) . In the first stage, 50-fs, 0.6-mJ Ti:sapphirelaser pulses with a central wavelength of 800 nm are used to produce a broadband seed signal through supercontinuum generation in a sapphire plate and serve as a pump for optical parametric amplification of the seed signal in a beta-barium borate (BBO) crystal. As a result of this optical parametric amplification process ω p ω s ω i , the Ti:sapphire pump field at the central frequency ω p amplifies the broadband seed signal at frequency ω s and gives rise to an idler signal with frequency ω i . Adjusting phase matching through rotation of the BBO crystal, we were able to tune the signal and idler wavelengths in the 1150-1580 and 1650-2720-nm ranges, respectively.
In the second stage of our optical downconversion scheme (Fig. 1) , the signal and idler OPA outputs are used to generate a difference-frequency field through the DFG process ω d ω s − ω i in an AgGaS 2 crystal. The central wavelength of the DFG signal generated as a result of this process can be tuned from 2.85 to 15 μm by rotating the nonlinear crystal. The DFG radiation is separated from the signal and idler waves with a bandpass filter, blocking radiation with wavelengths shorter than 2.5 μm. The spectrum of the DFG radiation is measured with a cooled HgCdTe detector and a home-made monochromator with replaceable gratings. In the monochromator, 300 grooves∕mm gratings, used to analyze the spectrum of radiation with wavelengths shorter than 4 μm, were replaced by 150 grooves∕mm gratings for measurements in the longerwavelength region. The power of the DFG output was measured using a thermal power meter. Energies above 0.5 μJ were achieved for the short-pulse DFG output in the range of wavelengths from 2.7 to 11 μm [ Fig. 2(a) ].
For phase-sensitive characterization of the mid-IR DFG output, the DFG signal was mixed with 47-fs, ∼810 nm reference pulses from the Ti:sapphire-laser in atmospheric air through ω FWM 2ω p ω d FWM, where the plus and minus signs correspond to sum-and difference-frequency FWM processes, respectively. The atmospheric air chosen as a gas medium for these experiments helps to demonstrate that FWM in a gas medium away from molecular resonances can support broadband mid-IR pulse characterization. Near molecular resonances, however, as experiments with atmospheric air also show, molecular absorption bands tend to distort the XFROG traces of mid-IR pulses, making it difficult to retrieve the parameters of these pulses.
The reference pulses were characterized by SHG FROG (Fig. 1) with an rms retrieval error below 0.5%. The wavelength interval jδλj ≈ 2πc −1 λ 2 jδωj corresponding to a fixed frequency interval δω is contracted as the central wavelength λ of the signal is transferred to shorter wavelengths. Thus, FWM of the considered type, which converts a mid-IR pulse into a signal in the visible, can map the entire mid-IR range from 3 to 15 μm onto a wavelength region of only a few tens of nanometers in the visible, where efficient detectors are available. For λ d1 3 μm and λ d2 15 μm, we find that the considered FWM process with λ p 810 nm maps the λ d1 ; λ d2 interval onto a λ FWM1 ; λ FWM2 interval in the visible (λ FWM1 ≈ 356 and 416 nm and λ FWM2 ≈ 394 and 468 nm for sum-and difference-frequency FWM, respectively), with
Upon this transformation, mid-IR pulses within the entire tunability range of the DFG output, which spans over more than two octaves, can be characterized conveniently using conventional spectrometers and detectors across a compact spectral region in the visible. An adequate spectral resolution, needed for accurate phase-sensitive short-pulse characterization, can still be provided, as shown by recent studies [21] , with the aid of chirped reference pulses.
In contrast to standard XFROG, which is usually implemented using nonlinear processes in solid-state materials, XFROG based on FWM in a gas medium is intrinsically broadband, due to the weak dispersion of the gas medium, which helps to avoid the stretching of pulses during XFROG measurements and which translates into broadband FWM phase matching, enabling characterization of ultrashort pulses in an ultrabroad spectral range. Indeed, away from atmospheric molecular absorption bands, the coherence length of the FWM process used for XFROG pulse characterization in our experiments, l FWM π∕jΔk FWM j, where Δk FWM is the wave-vector mismatch for the ω FWM 2ω p − ω d FWM process, is much longer (decreasing from ∼10 to ∼3 cm as λ d is tuned from 1.5 to 5 μm) than the nonlinear interaction length in our FWM XFROG scheme, l nl ≈ 0.3 cm for the chosen beam-focusing geometry. The dispersion length of mid-IR pulses is at least two orders of magnitude longer than l nl within the entire range of pulse widths and wavelengths of mid-IR waveforms studied in our experiments. This version of XFROG is thus advantageous for ultrashort pulses in the mid-IR as it naturally resolves material loss problems, which frequently arise in this spectral range for solids.
In our experimental scheme (Fig. 1) , the mid-IR DFG output is combined with the Ti:sapphire laser beam in a 0.6-mm-thick BaF 2 plate and focused with a 25-cm-focal-length BaF 2 lens (which, as a side effect, gives rise to a weak second harmonic of the Ti:sapphire laser radiation). The FWM signal produced in a gas medium in this geometry is collimated with a 7.5-cmfocal-length BK7 glass lens, separated from the IR beams with a set of appropriate filters, and analyzed using a Hamamatsu H9307-02 photomultiplier and an Ocean Optics spectrometer. The third harmonic of the Ti:sapphire laser pump is suppressed efficiently due to absorption in the BK7 glass. The signal and idler pulses delivered by the OPA are characterized by the XFROG technique by sum-frequency-mixing these pulses with the 47-fs, 810-nm Ti:sapphire-laser output in a thin, 50-μm BBO crystal. Since the amplified 810-nm output of the Ti:sapphire laser system is polarized in the horizontal plane, whereas the DFG output is polarized vertically, a halfwavelength plate is used to rotate the polarization of the 810-nm field. With the polarization of this field aligned with the polarization of the DFG output, the efficiency of the FWM process away from atmospheric molecular absorption bands increased by approximately an order of magnitude, which is consistent with the Kleinman relation χ for the relevant components of nonresonant third-order nonlinear optical susceptibility [22] .
For the chosen beam-interaction geometry and intensities of the near-and mid-IR fields, the FWM signal intensity scaled quadratically with the intensity of the reference pulse and linearly with the DFG output intensity, in perfect agreement with the perturbative, susceptibility-based analysis of FWM [21] , with maximum FWM intensity achieved when the reference field was polarized along the polarization of the DFG output. The behavior of the FWM signal as a function of the beamfocusing geometry displayed no deviations from the predictions of a canonical treatment of phase matching in FWM [23] .
Both the sum-and difference-frequency FWM processes were observed in this experimental scheme. The shapes of the XFROG traces of the 2ω p ω d and 2ω p − ω d FWM signals recorded for the same mid-IR pulse with λ d ≈ 4.9 μm are shown in Fig. 2(b) . Since both FWM processes involve the same input optical fields, the shapes of these traces are symmetric with respect to the λ p 404 nm axis [dashed line in Fig. 2(b) ]. Moreover, spectral and temporal characterization of ultrashort mid-IR waveforms using sum-and differencefrequency FWM XFROG gives almost identical results [ Figs. 2(c) and 2(d)] . However, the difference-frequency FWM process 2ω p − ω d is better phase-matched [23] and is, therefore, much more efficient than its sum-frequency counterpart, whose frequency lies further away from the frequencies of the other fields involved in FWM. As a result, difference-frequency FWM is much better suited for the characterization of ultrashort mid-IR pulses. It is this difference-frequency branch of FWM that is used for XFROG measurements throughout this paper. The fact that the spectral intensities, spectral phases, temporal envelopes, and temporal phases of mid-IR pulses retrieved from sum-and difference-frequency FWM XFROG traces are almost identical [cf. Figs. 2(c) and 2(d) ] confirms the reliability of our pulse reconstruction technique.
Typical FWM XFROG traces measured in the short-and long-wavelength parts of the DFG output tunability range away from the atmospheric absorption bands are presented in Figs. 3(a) and 3(b) . The rms retrieval errors for these traces were below 2%. The DFG output with a central wavelength of 3.2 μm [Figs. 3(a), 3(c) , and 3(e)] had a pulse width of 210 fs [filled circles in Fig. 3(c) ] with moderate chirp [open circles in Fig. 3(c) ], with a spectrum [ Fig. 3(e) ] supporting transformlimited pulses as short as 78 fs, corresponding to 7.3 field cycles. On the opposite side of the DFG output tunability range, i.e., in the 7-14 μm atmospheric-window region adjustment of beam focusing, as well as positioning of the OPA and DFG crystals relative to the beam waists for optimal chirp precompensation in the DFG process, pulses with a pulse width of 67 fs were generated at 5.1 μm [Fig. 4(d) ], with pulse energy of 2.8 μJ right at the output of the DFG crystal, corresponding to only 3.9 field cycles under the pulse envelope. Sub-five-cycle mid-IR pulses were also produced in our experiments within the range from 6.2 to 6.7 μm, i.e., in the atmospheric water absorption band. In the atmospheric-window mid-IR range, sub-five-cycle 145-fs pulses with pulse energy of 1.4 μJ have been produced at λ d ≈ 9.5 μm. The FWM XFROG traces of these pulses along with their temporal envelope and phase retrieved from the XFROG traces are presented in Figs. 4(e) and 4(f).
Within atmospheric absorption bands, the pulse shapes of ultrashort mid-IR pulses are distorted by molecular rovibrational transitions [24] . The FWM XFROG traces recorded for ultrashort mid-IR pulses whose spectra fall within the atmospheric absorption bands of carbon dioxide and water molecules are shown in Figs. 5(a) and 5(b), respectively. The temporal profiles of the distorted mid-IR waveforms retrieved from these traces reveal a complex ringdown structure of transmitted mid-IR pulses [Figs. 5(c) and 5(d)] due to reshaping of ultrafast field waveforms by molecular rovibrational modes, which makes accurate pulse characterization difficult.
To summarize, XFROG based on FWM in a gas medium has been shown to enable dispersion-free characterization of few-cycle mid-IR pulses tunable over more than two octaves.
The FWM XFROG technique was used to measure spectra and pulse shapes, as well as to retrieve the spectral and temporal phase of a few-cycle DFG output tunable from 3 to 11 μm. Broadband XFROG measurements using FWM in a molecular gas have been also shown to reveal the reshaping of few-cycle mid-IR field waveforms by molecular rovibrational modes. 
